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ABSTRACT
Low temperature refrigeration mechanically and thermally stresses a compressor's wrist journal bearing.
Knowledge of bearing condition would be useful for self-diagnostics or predictive maintenance, particularly in
freezers used for storage of valuable biomedical products. This initial investigation considers external
temperatures, power consumption, and compressor housing acceleration as possible indicators of bearing
condition.
A simple mathematical compressor model based on slider-crank kinematics and isentropic
compression relationships provides insight into the effects of bearing wear. The subject is also studied
experimentally by comparing normal systems to systems that were artificially forced to develop wear. One
practical means to identify bearing wear is an audible rattle during balanced pressure compressor start-up.

NOMENCLATURE

B cylinder bore diameter

c piston clearance at IDC
D capillary inner diameter
f friction factor
k ratio of specific heats, Cplc.
L capillarylength

m mass flow rate
n polytropic compression exponent
P pressure
Re Reynolds number
(} Crank angle
U capillary flow velocity

f.J refrigerant viscosity

V cylinder volume
v refrigerant specific volume
w compressor rotational speed
X piston position from TDC

INTRODUCTION
The refrigeration system studied was used in a cascade freezer designed to maintain -130°F (-90°C). The high
temperature stage operates with higher compressor loading and is therefore of primary interest. The high stage
evaporates at -40°F (-40°C) and condenses at 70-100°F (20-38°C).
Major system components include a
nominal Yz hp (550W) hermetic reciprocating compressor, finned-tube condenser, capillary expansion device, a
tube-in-tube cascade evaporator, and high-pressure HFC refrigerants. The subject freezers are commonly
equipped with microprocessor controls that continuously monitor operation and alert users to unfavorable
conditions.
The goal was to identify potential indicators for detecting connecting rod wear during the early stages. Nonintrusive measurements were preferred to avoid introducing potential leaks or accidental contamination. The
more ambitious goal was to find a performance parameter measurement that would allow technicians in the field
to determine connecting rod condition. Figure 1 illustrates the type of wear that was of concern. The wear usually
occurs first on the wrist pin journal bearing, as shown.
This investigation was both analytical and experimental. First, a simple mathematical compressor model was
constructed to explore the relationships between rod bearing wear, rod bearing forces, and compressor
performance. An experimental investigation then compared the performance of normal freezers with freezers
known to have worn bearings. External system temperatures, energy consumption, and vibration were considered
as indicators of possible damage. System pressures, although intrusive to measure, are included in this report to
increase understanding of system behavior.
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ANALYTICAL INVESTIGATION
Given compressor geometry, the slider crank mechanism [1,2) can give piston position, x. at any crank angle, ().
Cylinder volwne is calculated next from the clearance volwne plus the swept volwne between the current piston
position and its position at top dead center (TDC).
V=[c+x(()}]tr"ffl4
{1)
If"wear" is defined as the difference between worn and unworn diameters (see Figure 1) then it can be introduced
into the model as excessive clearance, c.
Figure 2 is a PV-d.iagram showing intake, compression, discharge, and expansion portions of the compressor
cycle to be modeled.
Knowing cylinder volume and suction pressure, it is possible to calculate the cylinder
pressure, P, at any crank angle during the compression process using the polytropic expression [3]
(2)

Isentropic compression is assumed and n=k, the refrigerant's average ratio of specific heats as determined by
REFPROP [4).
When the cylinder pressure reaches the discharge pressure, Pz, refrigerant delivery begins and the cylinder
pressure stays constant until TDC is reached. Mathematically, a logic statement was used to truncate cylinder
pressure to the known system operating pressures. This analysis makes no allowance for pressure drop or
dynamic response of the valves.
The same relationship may be used to predict cylinder pressures during the expansion portion of the cycle.
(3)

Expansion occurs as the piston moves away from TDC and pressure drops. When the pressure equals the suction
pressure, refrigerant fills the cylinder at the constant suction pressure until bottom dead center (BDC).
By calculating cylinder volwne and pressure over one crank revolution, the subject system's PV or indicator
diagram can be plotted as shown in Figure 3. This presentation of the analysis results is helpful for visualizing
and understanding the compression cycle. The area enclosed within the closed cycle is proportional to the net
work performed per cycle. Mathematically,

Work ex; /PdV

(4)

which is readily summed using numerical integration. Multiplying the work per cycle by motor speed, the number
of cylinders, and the appropriate unit conversions, the input power for the compressor studied was found to be 366
Watts with no wear. When connecting rod wear of 0.010 inches (0.25 mm) was included in the analysis the
predicted power consumption dropped to 306 Watts. This result suggests that it may be p(>ssible to detect bearing
wear by direct measurement of input power. Wear may also reduce the system's heat removal capacity.
Next, one can model the effects of wear on mass flow rate balance. Refrigerant entering the cylinders having
specific volwne 04 will be pumped at the rate of
mc=oJ'qc(VJ ~ V4)/04
(5)
per cylinder. 11c represents compressor efficiency losses due to leakage, pressure drops or internal heat transfer
and was estimated from the subject compressor's published performance. Clearance volume losses are
incorporated into the cylinder volume calculation. V4 is the cylinder volwne at which cylinder pressure equals
suction pressure during the expansion stroke and the suction valve opens. V4 can be identified during calculation
over one full crank angle or by setting equation (3) equal to suction pressure, P4, and solving directly.
(6)
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Figure 4 shows compressor mass flow rate calculated at a constant discharge pressure of 150 psia (10.3 bar) and
plotted over a range of suction pressures. The model predicts that wear will reduce the compressor's refrigerant
mass flow rate as expected.
Stoecker [5] provides the formulation used for capillary tube mass flow rate. For the purpose of this analysis,
1-phase, incompressible flow is assumed which simplifies the relationship to
2

mr = (n_D 14) [ (P4-P3)I(jL Oavg 12D)]
The friction factor is estimated from

y,

f = 0.33 IRe 0 ' 25 = 0.33 I (UDIJl Oavg)0 ' 25

(7)

(8)

Capillary flow rate for the subject system was calculated at a constant discharge pressure of 150 psia (10.3 bar)
and a range of suction pressures. The results are superimposed on Figure 4. As would be expected from equation
(7), capillary flow rate remains relatively constant with P3 fixed. This analysis does not consider flow restrictions
that could result from wear debris obstructing the capillary tube.
During steady operation suction and discharge conditions will develop such that compressor and capillary tube
mass flow rates balance. Equilibrium is found at the intersection of the compressor and the capillary tube curves,
that is, when me = mr. This balance point occurs at increasingly higher suction pressures as the bearing wears.
Consequently, evaporator temperatures will increase consistently with the refrigerant's pressure-temperature
relationship. In a 72°F (22°C) ambient, the subject system evaporates at 11 psia (0.75 bar) and has a saturated
vapor temperature of -45°F (-42°C). The model predicts that 0.010 in. (.025 mm) wear will shift the balance
point to 15.5 psia {1.1 bar) and a saturated vapor temperature of -31 °F (-35°C).
Finally, one can consider forces acting on the wrist journal to investigate the effects of connecting rod wear.
Once cylinder pressure is determined by equations 1-3, analysis of forces acting on each component of the fourbar linkage is possible. The analysis of a slider-crank mechanism is well-documented [2]. Figure 3 shows the
compressive forces in the connecting rod plotted over one full rotation of the crankshaft Both pressure and
inertial loads acting on the rod are modeled. During steady state operation, pressure loads are clearly dominant. A
wrist pin force direction reversal is apparent during the expansion stroke (the compressive force goes negative) but
the magnitude is much lower than the peak compressive force. As rod wear increases the magnitude of the force
reversal decreases and may even vanish at large wear values.
When the compressor is turned off the subject system's capillary expansion tube allows suction and discharge
pressures to equalize at 25 psia (1.7 bar). If the compressor is then restarted without allowing system component
temperatures to change appreciably, experience has shown that about 5 seconds are required to achieve normal
discharge and suction pressures. Figure 6 shows connecting rod forces at an instant during start-up when suction
pressure is 10 psia and discharge pressure is 40 psia. During this time, the inertial forces from piston acceleration
dominate rod forces and the force reversal magnitude becomes substantial. If excessive clearance exists between
the wrist pin and connecting rod one can expect a noticeable impact to occur at this time.
EXPERIMENTAL INVESTIGATION
Three new freezers were constructed for experimental comparison. One of these was a control unit and had
good bearings. The other two were intentionally worn after construction by operation in a high ambient
temperature environment. Freezers were instrumented with type "T' thermocouples, pressure gauges, an
inductive-type Ammeter, and a power meter for performance measurements. Testing was performed in a 72°F
(22°C) controlled-ambient test room. Data was recorded after each freezer achieved its stable, minimum
achievable temperature. Table 1 compares the potential wear indicators that were measured. After testing, the
chest-style freezer's compressor was found to have 0.007 in. (0.18 mm) connecting rod wear. The upright test
freezer was allowed to continue running until the worn bearing failed after 6 Y2 months of normal operation.
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Table 1. Freezer Hi2h-Sta~e Performance Comparison 72F (22°C)
(CONTROL) (WORN ROD)
(WORN ROD)
3
3
17 ft Upright 17
Upright
20 ft Chest
y
N
N
psia (bar) 10.9 (0.75)
13.6 (0.94)
16.8 (1.2)
Suction pressure
y
y
oF (oC)
N
-50 (-45)
-43 (-4-1)
-37 (-38)
!Evaporator temperature
y
N
oF (oC)
76 (25)
75 (24)
Condenser outlet temperature N
73 (23)
N
N
N
psia (bar)
DischargeJ!!essure
152 (10)
154 (11)
151 (10)
y
oF (oC)
N
N
163 (73)
155 (68)
Discharge temperature
150 (65)
y
oF
(oC)
N
N
Oilsumptemperature
169 (76)
170 (77)
150 (66)
y
N
N
!Electrical Input
115-6.5
V-A
119-6.5
232-2.7
y
y
N
nputPower
Watts
260
205
285
in(mm)
Wear after test
None
0.007(0.18)
Failed
y
y
y
A!Jdible start-up rattle
No
Yes
Yes
1* Potential Indicator?
2** Non-intrusive measurement?
3*** Independent of ambient?
Measured Parameter

1*

2** 3***

Units

fe

With a worn compressor, suction pressure and evaporator temperature increased notably. These observations were
consistent with the analytical mass flow rate study. Both of these parameters are expected to be sensitive to ambient
temperature variations in the subject capillary expansion systems.
Condensing temperature did not change dramatically with worn bearings. It is expected to be a strong function of
mass flow rate which is expected to remain relatively constant or decrease slightly (see Figure 4). Condensing
temperature is sensitive to operating ambient and heat exchanger fouling. These attributes make condensing
temperature a better indicator of extreme ambient or obstructed air flow than for bearing wear. Discharge pressure,
which is determined by condensing temperature, also changes very little with bearing wear.
Oil sump temperatures and external discharge temperatures were not dramatically changed by worn bearings.
Discharge and oil sump temperature can be influenced by many variables including ambient, superheat, mass flow
rate, and pressure ratio. Although oil and discharge temperature did not prove to be good bearing wear indicators,
either may reveal other system faults that are conducive to wear such as excessive superheat, low refrigerant charge,
high head pressure, or unusually high motor heat.
Bearing wear changed power consumption less than anticipated. The worn upright was observed to consume less
power than the identical control freezer. However, an in-circuit power meter was essential to detect the difference.
Inductive current measurements failed to detect the same power input reduction. The chest-style freezer's power input
differed from the uprights which may indicate some variation between freezer models.
Evaporator temperature and power consumption appear to be the most promising performance-based indicators for
predicting c01mecting rod wear. However, variation between freezers, the need for a carefully controlled ambient,
and relatively small response to bearing wear limits the use of most performance-based indicators.
Compressor housing acceleration was measured as another possible bearing wear indicator. Measurements were
taken with 0.035 oz. (1 gram) accelerometers to reduce mass loading effects. Accelerometer output was fed to one
channel of a Fast Fourier Transform (FFT) analyzer. After some experimentation with various analysis approaches,
the power spectrwn obtained from 20 signal samples averaged in the frequency domain was found to give stable and
repeatable measurements. Attempts to use synchronous signal averaging ("signal enhancement") approaches were
unsuccessful because a reliable independent triggering signal was unavailable. Results were sensitive to accelerometer
placement on the compressor housing. Repeatable measurements were obtained with the accelerometer mounted on
the side or top directly outside the internal mounting brackets.
The best method found to collect meaningful data began with freezers running at stable, minimum operating
temperatures. Next, the system was shut off for 10 minutes to allow suction and discharge pressures to equalize. The
freezer was then restarted and the FFT triggered manually to begin capturing data.
For the frequency ranges
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considered, 1.6 to 6.4 kHz, the analyzer could capture the specified 20 data sets well within the time required for
suction and discharge pressures to change from their start-up conditions. Upon achieving steady operation again, a
second data set was recorded. Comparing start-up with steady state operation for the same systems kept everything
constant except pressure loading. This helped to eliminate some measurement uncertainties such as accelerometer
location sensitivity and variation between nominally identical units.
Dynamic signals from the compressor housing were found to have high spectral density, which should be expected
considering the compressor's complex excitation pressures and forces, multiple transmission paths and structural
resonance of path components. Nevertheless, housing vibration was measured and examined in the various frequency
ranges. No significant amplitude differences were observed in the compressor's running speed harmonics. A small
side band was noticed to the left of the 60 and 120 Hz. signals from one of the worn bearing compressors. Predictive
maintenance experts [6] have successfully identified bearing problems from similar observations taken directly at the
bearing. Unfortunately, it would be more difficult to correlate this peak to rod wear with any certainty considering all
of the factors that contribute to compressor housing response.
Some more substantial acceleration differences were found during start-up rather than steady state operation. As
connecting rods begin to wear a distinct audible rattle lasting 3-5 seconds becomes apparent during balanced-pressure
start-up. Figure 5 compares the control (undamaged) compressor's start-up vibration (bold trace) to its steady-state
operation. Some peaks are slightly (-8dB) higher in the 300-II20 Hz. range; otherwise there are few significant
changes. Figure 6 makes the same comparison for a compressor known to have rod wear and producing an audible
start-up rattle. A narrow peak appears near 1700Hz. and a broad 20-30 dB increase is observable at frequencies
above 2000 Hz. It is conceivable that acceleration changes of this magnitude could be measured with less expensive
instrumentation and interpreted by a microprocessor or service technician.

CONCLUSIONS
• Useful compressor performance predictions and bearing forces were made using simple polytropic compression and
expansion relationships.
·
• Four possible external indicators of wrist journal wear were identified: housing acceleration, audible smmd,
evaporator temperature, and compressor power input. The utility of each is yet to be determined and may be
limited by variation between nominally "identical" freezers, sensitivity to ambient conditions, and how sensitive
instrwnentation must be to detect subtle changes.
• An audible rattle during balanced pressure start-ups is a very practical means to identifY worn bearings.
• Comparison of start-up to steady running conditions proved useful to eliminate uncertainties from acceleration
measurement and to provide an instrumented indication of rod bearing wear.
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FIGURE 4. System Mass Flow Rate

FIGURE 3. Compressor Indicator Diagram
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FIGURE 6. Conn. Rod Axial Force at Start-up

FIGURE 5. Connecting Rod Axial Force at Steady State

FIGURE. 7 Normal housing acceleration
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FIGURE. 8 Housing acceleration with worn rods
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